Highly Selective Synthesis of Catalytically Active Monodisperse Rhodium Nanocubes

Yawen Zhang,* Michael E. Grass, John N. Kuhn, Feng Tao, Susan E. Habas, Wenyu Huang, Peidong
Yang, and Gabor A. Somorjai*

Department of Chemistry, University of Californigerkeley, CA 94720, and the Chemical and Mate&aignces
Divisions, Lawrence Berkeley National LaboratoryCyiclotron Road, Berkeley, CA 94720.

T College of Chemistry and Molecular Engineeringking University, Beijing 100871, China.
RECEIVED DATE (automatically inserted by publisher); E-mail: somorjai@berkeley.edu.

Synthesis of monodisperse and shape-controlledoidall
inorganic nanocrystals (NCs) is of increasing ddfieninterest
and technological significanc¢é&.Recently, shape control of ¥
Pd? Ag,° Au® and R NCs has been obtained by tuning growth
kinetics in various solution-phase approachesuitiolg modified
polyol methodd®3a3b45a6a7a gaaded growth by polyol
reduction’®® thermolysis of organometalliég, and micelle
techniques®°*%®Control of reduction kinetics of the noble metal
precursors and regulation of the relative growtbgaf low-index
planes (i.e. {100} and {111}) via selective adsorptioinselected
chemical species are two keys for achieving shapaifioation of
noble metal NCs. One application for noble metalsN&E well-
defined shape is in understanding how NC facetdgefmines
which crystallographic planes are exposed) affecasalytic
performancé.

Rh NCs are used in many catalytic reactions, irinyd
hydrogenatio$® hydroformylation®® hydrocarbonylatiofi and
combustion reactiorf§. Shape manipulation of Rh NCs may be
important in understanding how faceting on the saate affects
catalytic properties, but such control is challeggand there are
fewer reports on the shape control of Rh NCs coethéw other
noble metals. Xia and coworkers obtained Rh muitipo
exhibiting interesting surface plasmonic propertissa polyol
approacH® The Somorjai and Tilley groups synthesized
crystalline Rh multipods, cubes, horns and cubeaded via
polyol seeded growtf’® Son and colleagues prepared
catalytically active monodisperse oleylamine-cappeiiahedral
Rh NCs for the hydrogenation of arenes via an agestallic
route’® More recently, the Somorjai group synthesized size-
tunable monodisperse Rh NCs using a one-step Ipolyo
techniqué’

In this Communicationwe report the highly selective synthesis
of catalytically active, monodisperse Rh nanocuifes 10 nm by
a seedless polyol method. In this approach; iBns from
trimethyl(tetradecyl)ammonium bromide (TTAB) effaety
stabilize the {100) faces of Rh NCs, and inducedhelution of
nanocubes (Scheme 1).

For a typical synthesis, 0.2 mmol RRGiydrate, 1 mmol
TTAB, and 4 mmol poly(vinylpyrrolidone) (PVRw = 24,000),
were added to 20 ml ethylene glycol at room tentpega The
stock solution was heated to 80 °C and purged Gomih while
stirring, producing a dark brown solution. The Kasas then
heated to 185 °C and maintained at ttemperature for 1.5 h
under an Ar atmosphere. When the reaction was @impan
excess of acetone was added to the solution at teowperature
to precipitate the nanocubes. The Rh nanocubes sewparated
by centrifugation and washed twice by precipitafitigsolution
with ethanol/hexanes.

Scheme 1. Seedless polyol synthesis of Rh nanocubes.
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Figure 1. TEM and HRTEM (inset) images of Rh nanocubes.

Transmission electron microscopy (TEM, Philips FEcnai
12, 100 kV) revealed the formation of 6.4 + 0.5 diagonal) Rh
nanocubes with > 85% selectivity (Figures 1 and)SHigh
resolution TEM (HRTEM, Philips CM200/FEG, 200 k\Bigure
1 inset) indicated that the Rh nanocubes are sioglstalline,
enclosed by six {100} faces. Energy dispersive X-(8DX)
analysis of large areas of the TEM grid suggestedt ta
significant fraction of the Bspecies were not removed by the
precipitation/dissolution steps (Br/Rh = 0.41), iwhio Cl species
were detectable (Figure S2). In addition, the E@€ctrum of a
single Rh nanocube showed that a small fractioBrospecies
were associated with the nanocube (Br/Rh = 0.Qjgesting that
TTAB interacts with the nanocube surfaces alond e PVP.
X-ray diffraction (XRD, Bruker D8 GADDS, Co-Kradiation of
A =1.79 A) confirmed the formation of face-centeredbic fcc)
Rh (Figure S3). The calculated lattice parametes ava 0.3805
nm for the Rh nanocubes (JCPDS: 0-683)e ratio ofl (1111200
obtained for the Rh nanocubes is 2.44, consideralgr than
that (3.62-12.5) of Rh polygons of (111) orientatioX-ray
photoelectron spectroscopy (XPS, Perkin-Elmer PHI0®
demonstrated that the Rh NCs were composed ofat?%6Rh(0)
and ~ 24 at% R (Figure S4). The intense G &nd O & peaks
and the weak Nsdlpeak, together with the barely detectable &r 3



peak, revealed that PVP molecules were predominatidiered to
the surface of the Rh nanocubes (Figure S4).
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Figure 2. TEM images of (a) Pt and (b) Pd nanocubes.

Condition-dependent experiments were conductedueal the
formation mechanism of the Rh nanocubes. In therafes of
TTAB, the use of RhGlas the precursor produced faceted but
polydisperse Rh NCs containing some tetrahedraicpes (8.2+
1.9 nm; Figure S5a), while RhBras the precursor yielded
monodisperse, but not well-shaped cube-like NCO%£ubes)
(6.3% 0.8 nm; Figure S5b). When a mix of Rp@hd RhBg was
adopted as the precursor, faceted but polydisprrse-like NCs
(~39% cubes) were formed (746 0.9 nm; Figure S5c). Using
RhCk as the precursor and TTAB as thé 8urce, monodisperse
Rh nanocubes with significantly enhanced selegtiyit 85%
cubes) and monodispersity were obtained witi*RFTAB = 1:5
(6.4 + 0.5 nm; Figure 1). When BWTTAB = 1:1, monodisperse
Rh NCs dominated by truncated-cubes with exposé®)(and
(111) facets, formed (6.8 0.3 nm; Figure S5d). These results
strongly suggested that Bons from TTAB effectively stabilize
the {100) facets of Rh, and BEI" pairs regulate the relative
growth rate along the <100> and <111> directins.

Detailed catalytic results on activity and seldtyivwill be
presented for pyrrole hydrogenation in comparisdth va Rh
(100) single crystal elsewhere. For CO oxidatiohe tTOF
monotonically increased from 0.74 at 463 K to 12.7 5at 503

K (Figure 3b), and was comparable to those repoidech Rh
(100) single crystal’ The apparent activation energy for CO
oxidation was 35 kcal md| higher than that reported (25.4 kcal
mol?) for the Rh (100) single crystH.

In conclusion, monodisperse sub-10 nm Rh nanocweze
synthesized with high selectivity by a seedlesygohethod. The
{100} faces of the Rh NCs were effectively stabilizény
chemically adsorbed Bions from TTAB. This simple one-step
polyol route can be readily applied to the preparadf Pt and Pd
nanocubes. Moreover, the organic molecules of PP T&TAB
that encapsulated the Rh nanocubes did not caastivdgion of
the metal for catalytic turnover in pyrrole hydrogéon and CO
oxidation. Currently, we are investigating the shaependent
activity and selectivity of the Rh NCs for sevehaterogeneous
reactions.
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Pt and Pd nanocubes can be also prepared by the sam"Towhom correspondence should be addressed.

synthetic procedure. Reduction of (NHPtCk (PE/TTAB
=1:15) at 18C°C for 1 h produced 10.@4 0.8 nm Pt nanocubes
(74% cubes, 20% cuboctahedra, 6% polyhedra) (FsgReeand
S1b). Reduction of (Ng,PdCk (Pd*/TTAB =1:15) at 140°C

for 1 h generated 174 3.2 nm Pd nanocubes (56% cubes, 23%
bars, 1% rods, and 20% polyhedra) (Figures 2b alj. She
calculated lattice constants weee = 0.3913 nm for the Pt
nanocubes (JCPDS: 4-802), aad= 0.3867 nm for the Pd
nanocubes (JCPDS: 46-1043) (Figure S3).
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Figure 3. Turnover rate for (a) pyrrole hydrogenation to sH& and (b)
CO oxidation to C@for Rh nanocubes as a function of temperature.

As-synthesized Rh nanocubes were deposited onioorsil
wafers by the Langmuir-Blodgett (LB) technique tormh 2-
dimensional nanoarray catalyStayhich were then tested for
pyrrole hydrogenation and CO oxidation. For pyrrole
hydrogenation, the Rh catalysts fully hydrogengtgdole ton-
butane and ammonia between 303 and 343 K. The uerno
frequency (TOF) did not strongly depend on tempeeat
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Monodisperse sub-10 nm Rh nanocubes were synthesized with high selectivity (>85%) by a seedless polyol method. The
{100} faces of the Rh NCs were effectively stabilized by chemically adsorbed Br- ions from trimethyl(tetradecyl)ammonium
bromide (TTAB). This simple one-step polyol route can be readily applied to the preparation of Pt and Pd nanocubes.
Moreover, the organic molecules of PVP and TTAB that encapsulated the Rh nanocubes did not cause deactivation of the
metal for catalytic turnover in pyrrole hydrogenation and CO oxidation.




